Cali's approach to accuracy is reviewed, and it is concluded that the main factor limiting its extension to analytes other than elements is the lack of suitable definitive methods of analysis. The work published on calcium, and work known to be under way on other elements, is based on the use of stable isotope dilution-mass spectrometry (LO.M.S.) as the definitive technique.
That accuracy is a desirable attribute of the results of clinical chemistry analyses has not been disputed, but there has never been any consensus on the extent to which it is already achieved or the manner in which it might be improved. Recently however, serious attempts have been made, particularly by Cali (1974) , to place the assessment and control of accuracy on a rational and objective basis.
Cali's approach to accuracy is divided into five parts:
(1) There must be a "rational, self consistent system of units of measurements." This requirement may appear self-evident nowadays, but many clinical chemists know of serious confusions caused by the lack of such a system. The widespread adoption of SI units should prevent such confusion in the future.
(2) There must exist "exceptionally well characterised and defined standard materials", for example, the "Standard Reference Materials" issued by the U.S. National Bureau of Standards. Although the usefulness of such material in everyday practice has been questioned (Brown, 1973) , there can be no doubt that they are essential for a successful scheme of accuracy control.
(3) Methods of analysis must be available that are of known, small inaccuracy-i.e., reference methods (Rinsler and Mitchell, 1974) . These methods will probably be established after comparative studies using so-called definitive methods as the ultimate standards. Ideally, reference and definitive methods would coincide, but it is acknowledged that, when a definitive method is so difficult that only an extremely limited number of laboratories can perform it, a separate, easier reference method is justifiable.
(4) The accuracy achieved as a result of following the first three of these precepts must be made available to routine laboratories. This will be done principally by assessing field methods in comparative studies using ·Winner of the Ames award, 1975. reference methods.
(5) An on-going system of accuracy control must be established, so that the continuing accuracy of field methods is confirmed. Quality assurance schemes, such as the Wellcome Group Quality Control Programme or the College of American Pathologists' Survey Program, could be used to fulfil this role, if reference methods were applied to specimens from such schemes.
Cali exemplified his first three precepts in developing a reference method for total calcium in serum (Cali et al., 1972) . The system developed for calcium was based on standard reference material calcium carbonate as the primary standard material. Stable isotope dilution-mass spectrometry was the definitive method and was used to establish the performace of a candidate reference method. This in turn was an atomic absorption procedure based on that described by Pybus et al. (1970) . Although the experimental protocol given by Cali et ai. is open to criticism (Pickup et al., 1974) , the method is of high accuracy. We have applied the reference method for calcium to the assessment of field methods using specimens from the Wellcome Group Quality Control Programme (Pickup et al., 1975) and have concluded that it can, in this way, make a valuable contribution to quality control.
Definitive (stable isotope dilution) methods have been established at the U.S. National Bureau of Standards for sodium, potassium, magnesium, lithium, and chloride in the development of appropriate reference methods in a series of studies in which laboratories from several countries are collaborating. All of this, however, bears on the determination of analytes which are elements. Clearly it is important that the work be extended to the determination of analytes which are molecules. The principal factor restricting the development of reference methods for molecules is the lack of suitable definitive methods. The technique of stable isotope dilution is so elegant and potentially so accurate, that it seems desirable that it should be extended, if theoretically and practically possible, to the determination of molecules.
This paper presents the results of a study of the practicability of isotope dilution-mass spectrometry for the determination of phosphate in serum. The results obtained by applying the protocol to specimens from the Wellcome Group Quality Control Programme are presented and discussed.
STABLE ISOTOPE DILUTION-THEORETICAL CONSJDERATlONS
The technique of isotope dilution was first described by Hevesy and Paneth (1913) . With the use of stable, rather than radioactive, tracers it has been widely used as a quantitative technique, notably in geochemistry (Tomlinson and das Gupta, 1953 ; Hintenberger, 1956; Jamieson and Schreiner, 1956; Webster, 1959; Marsel and Milivojevic, 1971) .
Essentially the technique is a form of assay by internal standard, where the internal standard is an isotopically unusual form of the analyte, and the ratio "internal standard: analyte" is an isotope ratio.
Measurement of isotope ratios
The method most commonly used for measuring isotope ratios is mass spectrometry (Palmer, 1956 ), but other methods, each of rather limited application, have been described-s-e.g., neutron absorption and activation, and absorption or emission spectrometry (Gillieson, 1956 ). Nier (950) gave a useful introduction to the techniques used for the determination of isotope ratios in elements. Generally, a 60°single focusing mass spectrometer was used, with nxed collectors of the Faraday cup type, so arranged that two ions of interest could be monitored simultaneously; thus their ratio was obtained directly.
Unfortunately, mass spectrometers of this type are seldom able to work above tule values of about 150. Thus isotope dilution experiments with organic materials require the use of organic mass spectrometers, which are not equipped with dual collectors and thus cannot measure two ions simultaneously. Sweeley et al. (1966) described simultaneous multiple ion detection as an aid to quantitation in gas chromatography mass spectrometry (G.C.M.S.) and indicated a way in which organic mass spectrometers cou'd be used to obtain information about isotope ratios. Strictly, they did not achieve truly simultaneous multiple ion detection, since they arranged for the instrument to detect the two ions of interest alternately, switching between them at a frequency of about I Hz. Peaks for the two ions were observed, with a single collector, at constant magnetic field strength, by rapidly switching the accelerating voltage between two preset values. This work, reviewed by Lawson (1975) , has been considerably extended, and it is now apparent that an organic mass spectrometer can be used for isotope ratio measurements, and that there are a number of practical techniques which might be appropriate, depending on the specification of the particular mass spectrometer to be used.
Calculation of results
It is much less clear, however, that ratio measurements, once made, can be used for the accurate quantitation of the results of isotope dilution assays. Confusion arises from the nature of the calibration graph obtained by plotting a measured isotope ratio against the relative proportions of natural and labelled material. This graph has been treated variously as a straight line with slope equal to unity and intercept zero (Horning et al., 1974) , as a straight line with slope not equal to unity and a nonzero intercept (e.g., Horning et al., 1973) , or as a curve of undefined shape (Holland et al., 1973) . Obviously, accurate results can be obtained only if the theoretical equation for the calibration graph is known and is used for standardisation. No rigorous treatment of the theory of isotope dilution in molecules has been published. Accordingly a theory of the method has been developed from which it may be deduced that the calibration graph described above conforms to the equation:
where R is the ratio of the abundance of the isotopic form representing natural material to the abundance of the isotopic form representing the internal standard (labelled) material; x is the mass of natural material and y is the mass of labelled material in the sample; M is the molecular weight of natural material, and M' is the molecular weight of labelled material; Pl and ql are the probabilities of occurrence of the isotopic form representing natural material in natural and labelled material respectively; and P2 and q2 are the probabilities of occurrence of the isotopic form representing labelled material in natural and labelled material respectively.
It is apparent that the above equation does not conform to the general linear relationship y = a + bx; thus in general a calibration graph of the type described is not linear. There are, however, two special cases of practical importance which do yield straight lines:
(1) If ql and 1'2 tend to zero (there being no natural material with the isotope used to represent labelled material and no labelled material with the isotope used to represent natural material) then R = (x/y) (Pl/Q2) (M'/M); in this case, the calibration graph will be a straight line passing through the origin.
(2) More likely, only P2 tends to zero, in which case R = «x/y) (M'Pl/Mq2» + (ql/q2) and a straight line also results, with an intercept equal to (Ql/q2). This theory was tested by applying it to the experimental data of Bertilsson et al. (1972) , who presented a paper describing an isotope dilution assay for 5-hydroxyindoleacetic acid. Values for PI, 1'2, q1, qs, M, and M' were obtained from mass spectra which they reported of the diheptafluorobutyl derivative of 5-hydroxyindoleactic acid in both the natural and deuterium-labelled forms. The data were used to derive a theoretical calibration curve for the assay; the theoretical curve and the practical curve of Bertilsson et al. are shown in Fig. 1 . There is good agreement between the two curves, and it may be concluded that the equation given above adequately predicts the relationship between measured isotope ratios and the relative proportions of natural and labelled material in an isotope dilution assay. Use of isotope dilution for definitive methods depends not only on an exact knowledge of the nature of the calibration graph but also on the precision with which isotope ratios can be measured in organic molecules. In turn, the maximum achievable precision depends on the nature of the analyte and on the specification of the mass spectrometer being used.
The majority of analytes of interest to clinical chemistry are not sufficiently volatile for introduction into a mass spectrometer, and thus more volatile derivatives must be prepared. The techniques used for this purpose are well known and include formation of appropriate derivatives such as trimethylsilyl ethers, oximes, esters, etc.
Once a volatile derivative is available there are essentially two ways in which it can be introduced into the mass spectrometer: directly, or via a gas chromatograph. The fundamental difference between these two procedures is that while direct introduction can be made to lead to constant sample concentration within the source of the mass spectrometer, introduction via a gas chromatograph leads to varying sample concentration with respect to time. Although it is reasonable to expect that steadystate conditions will lead to greater precision direct introduction calls for a pure sample, whereas introduction via the gas chromatograph of itself leads to purification of the sample. Accordingly, use of the gas chromatographic inlet is so much more convenient that it is the one normally chosen for sotopic ratio work in organic compounds.
DETERMINATION OF PHOSPHATE BY ISOTOPE DILUTION
As an example of the way in which the principles described above can be used to develop definitive methods a procedure for the determination of phosphate has been developed and is described below.
Choice 0/ labelled internal standard
Since phosphorus has only one stable isotope whereas oxygen has three, the internal standard must be labelled by enrichment in an oxygen isotope. Disodium hydrogen orthophosphate containing approximately 90 % 18 0 is available commercially (from Miles-Yeda, Rehovoth, Israel), and this material is suitable for use as an internal standard.
Selection and preparation of a volatile derivative of phosphate
The preparation of tris(trimethylsiIyl) phosphate (TMSP) and its characterisation by gas chromato-graphy mass spectrometry has been reported by Buttsand Rainey (1971) . Although there may well be other volatile derivatives which could be used, the ready availability of methods for preparing trimethylsilyl compounds makes TMSP the derivative of choice. Butts et al. found that in order to prepareTMSP it was necessary to start with ammonium phosphate, other salts being unreactive. TMSP was formed by allowing ammonium phosphate to react at room temperature with a mixture of equal volumes of dimethylformamide and N,O-bis-trimethylsilyltrifluoroacetamide (BSTFA) for several hours. It was found in this laboratory that dimethylformamide was not needed for TMSP formation if 1 % trimethylchlorosilane was incorporated in the BSTFA. When specimens containing substantial amounts of solids were silylated it was found helpful 10add dry ether to the reaction mixture in order to maintain the products of silylation in solution. Once prepared, TMSP may be separated in a wide variety of gas chromatographic systems. Thus it would be possible either to purify TMSP by preparative gas chromatography, and then to introduce it directly into the source of a mass spectrometer, or to introduce it via a gas chromatograph. There is some doubt whether BSTFA reacts via O-trimethylsilyl intermediates; if this is so, there is a likelihood of label dilution when l80-labelled phosphate is silylated. Accordingly, the N-trimethylsilyl analogue of BSTFA N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), was used for all work involving labelled phosphate. It was found that MSTFA could be used exactly as BSTFA in the preparation of TMSP.
ApPLICATION OF THE ISOTOPE DILUTION PROCEDURE TO THE DETERMINATION OF PHOSPHATE IN SERUM SPECIMENS
To determine whether the principles outlined above could be used for the determination of phosphate in serum the method was applied to six specimens from the Wellcome Group Quality Control Programme. The procedure used was as follows:
Materials and Equipment
Volumetric glassware-All volumetric glassware wasgrade A and was cleaned before use by soaking twice in 0.2 M ammonia and then rinsing six times with de ionised water.
Phosphate standard-Potassium dihydrogen orthophosphate (AnalaR (B.D.H. Chemicals Ltd., Poole; lot number 2041610)); dried at 150 aC for 24 h in a platinum crucible, cooled and stored in a desiccator over silica gel. N -methyl -N -trimethylsilyltrifluoroacetamide-(Pierece and Warriner (U.K.) Ltd., Stockport. Discoloured batches were rejected, otherwise it was used as received.
Trimethylchlorosilane-{Applied Science Laboratories Ltd., State College, Pa.) Used as received.
3 %Silicone oV-I on 80-100 mesh Gas Chrom Q-(Chromatography Services, Birkenhead). Lot B2192.
Plastic universal containers-{Sterilin Ltd., Teddington, Middx). Washed twice with 0.2 M ammonia, rinsed in deionised water and dried in a dustfree environment before use.
Plain glass tubes-loo x 15 rom screw tubes, type ZjlO (Stayne Laboratories, Slough). Washed twice with 0.1 M ammonia, rinsed in deionised water and dried in a dust-free environment before use.
Amicon "Centrifio" ultrafiltration equipment-(Amicon Corporation, Lexington, Mass.) Type CF50A membranes were soaked overnight in water before use.
Stock standard phosphate solution (10 mmoljl)--Prepared by dissolving about 1.36 g potassium dihydrogen orthophosphate (weighed accurately to 0.1 mg) in deionised water and making up to 1 I in a grade A volumetric flask.
Working standard phosphate solutions-Prepared by diluting 7, 8,9, 10, and 11 ml of stock phosphate solution to 50 ml using grade A pipettes and flasks and deionised water. The nominal values of the working standards are 1.4, 1.6, 1.8, 2.0, and 2.2 mmol/l respectively.
Stock labelled phosphate solution (5 mmoljl)--(Prepared by dissolving 0.0375 g labelled sodium phosphate in 50 ml deionised water.
Gas chromatograph mass spectrometer-Varian-MAT 731 mass spectrometer with Varian 2700 gas chromatograph (Varian Ltd., Walton-on-Thames, Surrey).
Isolation ofphosphate
To 5 ml aliquots of each of the standard solutions, water blank, and unknown sera, contained in plastic universals, add 2 ml of stock labelled phosphate solution. Five minutes after adding the label transfer The ultrafiltrates and the standard and blank solutions are then transferred to individual 1 x 10 ern columns of Zeo Karb 225 cation exchange resin, 52-100 mesh, ammonium form. After the solutions have soaked in, each of the columns is washed by addition of five 1 ml portions of deionised water so as to replace with NH4+ the cations normally present. Each of the eluates is collected in a plain glass tube and dried under nitrogen at soac.
Preparation of TMSP-Add to the residue in each tube sufficient MSTFA containing 1 % TMCS to effect dissolution; generally about 200 fLl dry ether was added to maintain the products of silylation in solution. Solution is achieved more rapidly with the assistance of ultrasonic irradiation at temperatures of up to 65°C.
Measurement of isotope ratios-The ratio of the ions mle 299; mle 307 is measured in the TMSP peak of chromatograms obtained by injecting suitable aliquots of each reaction mixture into the coupled gas chromatograph mass spectrometer system. Calculation of results-Since natural TMSP shows no ion at tnle 307, the calibration graph of a TMSP assay is described by the equation (see above):
RESULTS
The results obtained are shown in Table 1 , and data comparing the isotope dilution procedure with i.e., the measured ratio, R, is linearly related to the proportion of natural and labelled phosphate, x/y. Consequently, the results of the assay are obtained by simply plotting a graph of measured ratio against standard phosphate concentrations, and interpolating the measured ratio for each unknown. Fig. 2 . The relevant calibration graphs are shown in Fig. 3 .
DISCUSSION
It is apparent from the results presented above that isotope dilution assay for phosphate does work in practice. On both occasions the calibration graph was a straight line, with an intercept on the ratio axis which corresponded with the requirements of the theory set out above. The scatter of standard points about the calibration graph and the between-batch variability of the phosphate results obtained on the six unknown sera is certainly due to the imprecision of the method used for determining isotope ratios. It would be better to isolate the TMSP by preliminary preparative gas chromatography and then to measure the isotope ratios under steady-state conditions in the mass spectrometer. That it could not be done in this way was due to the volatility of TMSP. The direct insertion probe of the mass spectrometer used cannot be held below about 30°C, and at that temperature TMSP evaporates very rapidly, making steady-state conditions unobtainable.
In spite of the relatively poor precision of the results reported here it is apparent that there is a substantial discrepancy between the average result reported by routine laboratories participating in the Wellcome Group Quality Control Programme and the value obtained by the isotope dilution procedure. It seems possible that this represents a lack of correspondence between the phosphate fraction assayed by the isotope dilution procedure and the phosphate fraction assayed by routine procedures. For example, since a proportion of inorganic phosphate exists bound to protein (Bronner, 1964) , added labelled phosphate probably equilibrates only with the unbound fraction. Thus the isotope dilution procedure would effectively determine only the unbound fraction of the total inorganic phosphate. Routine procedures, on the other hand, almost invariably involve incubation at low pH with molybdic or vanadic acid and would almost certainly determine both free and bound phosphate.
One possible way out of the dilemma is to seek and test other possible starting points for an inorganic phosphate assay, examining their concordance with the consensus of routine laboratories. Such a procedure would defeat the object of definitive methodology, however, because it would be based on the unacceptable hypothesis that the mean of participants' results from a survey is the true answer.
A second possibility would be to obtain a protein-free filtrate of serum before adding labelled phosphate. While such a procedure would certainly determine whatever phosphate fraction was obtained as a result of the protein removal step used, it would contravene the cardinal principle of internal standard assays-that the internal standard should be added to the original sample before any form of analytical manipulation takes place.
The most satisfactory approach would be to seek to determine what fractions of the total phosphate are included in the routine determination of "inorganic phosphate" and to ensure that added label comes into equilibrium with just those compartments before ultrafiltration.
Although the procedural details of a definitive method for inorganic phosphate cannot yet be formulated, the work reported here undoubtedly shows that there is no theoretical objection to the use of stable isotope dilution as the basis for definitive methods. It is hoped that the exact nature of the phosphate assays currently used in routine laboratories can be determined and thus a precise and accurate definition of inorganic phosphate can be devised. Without such definition, much of the power of Cali's approach to accuracy will be wasted. 
